Abstract We examine the role of local and remote sea surface temperature (SST) on the tropical cyclone potential intensity in the North Atlantic using a suite of model simulations, while separating the impact of anthropogenic (external) forcing and the internal influence of Atlantic Multidecadal Variability. To enable the separation by SST region of influence we use an ensemble of global atmospheric climate model simulations forced with historical, 1856-2006 full global SSTs, and compare the results to two other simulations with historical SSTs confined to the tropical Atlantic and to the tropical Indian Ocean and Pacific. The effects of anthropogenic plus other external forcing and that of internal variability are separated by using a linear, ''signal-to-noise'' maximizing EOF analysis and by projecting the three model ensemble outputs onto the respective external forcing and internal variability time series. Consistent with previous results indicating a tampering influence of global tropical warming on the Atlantic hurricane potential intensity, our results show that nonlocal SST tends to reduce potential intensity associated with locally forced warming through changing the upper level atmospheric temperatures. Our results further indicate that the late twentieth Century increase in North Atlantic potential intensity, may not have been dominated by anthropogenic influence but rather by internal variability.
Introduction
Understanding and predicting variability and change in tropical cyclone activity (intensity and frequency) is a topic of great societal concern due to the potentially catastrophic impacts of these storms. As an example, the infamous Hurricane Katrina of 2005 appears to be the most costly natural disaster to strike the United States ever, and the deadliest since 1928 (Graumann et al. 2005) , with total estimated damage exceeding 100 billion dollars and the death toll of more than 1,300. It also resulted in a displacement of 250,000 people, a higher number than the Dust Bowl years of the 1930s (Graumann et al. 2005) .
The relationship between ocean temperature and tropical cyclone activity (frequency and intensity) has long been noted in the literature. Warm local sea surface temperatures (SSTs) are a necessary condition for the formation and intensification of tropical cyclones (e.g. Palmén 1948; Gray 1968; 1979; Emanuel 1987) . It is not entirely clear, however, how increasing SSTs in a warming world would influence tropical cyclone activity.
One measure of the relationship between SST and tropical cyclone activity is the potential intensity (PI; Emanuel 1986 Emanuel , 1988 Holland 1997) , which is a theoretical concept that evaluates maximum intensity that a tropical cyclone could reach given the available thermodynamic energy for tropical cyclone intensification in the environment, including the underlying ocean. Although PI is strongly related to SST, it is also affected by the properties of the atmosphere. While there are caveats associated with PI theory (Smith et al. 2008; Montgomery et al. 2009 ) due to some of the simplifications made in its development, an alternative theory or measure of maximum theoretical intensity has not been fully developed. For instance, in a simplified axisymmetric framework, improvements of the model cannot be expressed in terms of environmental conditions only and therefore the latter cannot be used to predict a theoretical limit for the intensity for a given environment (Bryan and Rotunno 2009) . That said, PI theory has been well validated with observations. For example, Wing et al. (2007) showed that observed interannual variations of maximum tropical cyclone intensity are consistent with PI predictions.
Theoretical studies predict an increase in tropical cyclone intensity in a warming world due to the increasing SSTs and the thermodynamic state of the atmosphere (Emanuel 1987; Holland 1997) . However, Vecchi and Soden (2007) showed that there are regions where the PI decreases in model projections of the 21st century even though the tropical oceans warm everywhere. Vecchi and Soden (2007) argued that non-local SST could modify PI through their influence on upper atmospheric temperatures. Furthermore, Vecchi et al. (2008) discussed the fundamental importance of the remote SST contribution to the power dissipation index (PDI, Emanuel 2005 ) and indicated that it is the relative warming of the local SST with respect to the tropic-wide warming that determines the PDI trend. Extrapolating PDI projections based on relative and total SST leads to very different results for the 21st century than when considering only local effects. For the tropical Atlantic this happens because the local SSTs do not exhibit a substantial trend in the 21st century relative to the entire tropics (Vecchi et al. 2008; Villarini and Vecchi 2012) . Swanson (2008) argued further that there is no straightforward link between warmer SSTs in the so-called Atlantic main development region (MDR) and more intense tropical cyclones. More recently, Ramsay and Sobel (2011) used a single-column model to investigate the effects of the relative and absolute SST on the PI and concluded that the PI is more sensitive to relative SST than to absolute SST and they attributed this sensitivity primarily to larger changes in the air-sea disequilibrium as SST changes. Sobel and Camargo (2012) analyzed various tropical environmental variables in the twenty-first century and examined their remaining ''seasonal change'' once the annual change is subtracted. Similar to other environmental variables, for the twenty-first century, seasonal PI increases in the summer hemisphere and decreases in the winter hemisphere compared to the present, following the SST seasonal changes. Since the annual mean is marked by relative warming in the Northern Hemisphere compared to the Southern Hemisphere, the twenty-first century projected seasonal PI opposes the annual mean change in January-March (JFM) and enhances the annual mean change in July-August (JAS).
The North Atlantic, including the MDR, is a region of intense decadal and longer time scale variability. The relationship between hurricane activity and internal modes of variability such as Atlantic Multidecadal Variability (AMV, also known as Atlantic Multidecadal Oscillation-AMO, e.g., Kushnir 1994; Enfield et al. 2001) has been the subject of various studies. The AMV is generally represented by the anomaly in SST averaged over the entire North Atlantic basin (Enfield et al. 2001 ) and as such assuming a tight connection between tropical and extratropical North Atlantic SST variability. Goldenberg et al. (2001) showed that there exists a positive relationship between the Atlantic hurricane activity and multi-decadal tropical Atlantic SSTs in the tropical storms MDR and that the latter is part of the basin pattern. This association was also stressed in Zhang and Delworth (2006) . In contrast, Mann and Emanuel (2006) attributed the variability in the Atlantic tropical cyclone decadal variability during the late nineteenth and twentieth centuries primarily to the impact of anthropogenic forcing on MDR SSTs, including a regional cooling due to aerosol forcing between *1950 and *1970. Ting et al. (2009) and DelSole et al. (2011) however, showed that while anthropogenic forcing plays an important role in the warming of tropical Atlantic SST, the natural, AMV related changes are separately distinguishable there. Others have shown a relation between the so-called Atlantic Meridional Mode (Servain 1991 )-a phenomenon correlated with AMV-and interannual time scale variability in Atlantic tropical cyclone activity Kossin and Vimont 2007; Kossin et al. 2010) .
The recent warming of North Atlantic SSTs ( Fig. 1 ) and the documented importance of natural and anthropogenic forcing in this warming, call for an attempt to quantitatively distinguish between the roles of anthropogenic forcing and internal variability contributions to the PI trend in the region. The distinction between natural anthropogenic forcing in the climate system is fundamental for decadal predictability studies (Solomon et al. 2011) . Moreover, it is also important in this context to determine the role of local and remote SST changes in determining PI changes.
To address these goals we use a set of long simulations of an atmospheric global climate model, forced with prescribed historical SSTs and examine the differences in PI between these simulations in the North Atlantic domain. In order to separate the role of the local (i.e., tropical Atlantic) SST from the remote SST forcing, we use primarily three different ensembles: in the first ensemble, the atmospheric model is forced with historical, time-varying global SSTs. The second ensemble is forced with SSTs varying only in the tropical Atlantic between 30°S and 30°N while elsewhere SSTs are kept at their climatological, monthly varying values. In the third ensemble only the tropical Atlantic SST has climatological values, while the tropical Indian and Pacific region SST varies. The varying SSTs are identical among these three cases, i.e. the tropical Atlantic SSTs in the simulation forced with that region only are the same SSTs as in the case of the global forced simulation, etc. By comparing the PI in these three sets of simulations, one can determine the role of the remote and local SST variability in the PI variability. These comparisons are not only done in the context of global warming, as in Vecchi and Soden (2007) , but we also consider the role of local and external forcing in the case of the AMV. The latter roles are determined in a regression method as in Ting et al. (2009) and are explained in more details below.
In summary, our study will analyze the roles of relative and absolute SST in the PI of the tropical North Atlantic and their separate contribution in natural, AMV-related and anthropogenic changes.
A caveat to keep in mind is that we focus here on PI variations in the tropical Atlantic basin as a whole and in the Atlantic MDR, i.e. the ambient PI, the potential intensity theory is actually defined by the local thermodynamics conditions that surround a storm. The importance of the local storm PI variability instead of basin wide PI variability, is that on interannual to decadal time-scales, the local PI is sensitive to hurricane track variability in addition to changes in the ambient PI (Wing et al. 2007 ). Furthermore, Kossin and Camargo (2009) showed that while the local storm environmental conditions have the same variability and secular trends as that of the tropical mean environment, when we consider track variability the regional trend signal in PI is significantly reduced.
The paper is divided as follows. In Sect. 2 we describe the model simulations and data used in our analysis. The model PI in the Atlantic is compared with reanalysis PI over the same region in Sect. 3. The main results on forced and natural variability of PI are presented in the next section followed by the Summary.
Data and model simulations
We analyze various simulations of the NCAR Community Climate Model, version 3 (CCM3) run at T42 resolution with 18 vertical levels (Kiehl et al. 1998) . The model was run with prescribed historical SST (globally or in individual ocean basins) from 1856 to the present. These simulations have been used in various studies focusing on SST-climate relationship (Seager et al. 2005 (Seager et al. , 2008 Seager 2007 and Kushnir et al. 2010 ). In addition, we included here a new simulation, to complement these previous ones (see below). We consider three different experiments, two with 16 and one with 8 ensemble members, with each member starting from a slightly different initial atmospheric state (see Seager et al. 2005 for further explanation). Each experiment was forced with time-varying, historical, monthly SSTs, using a merge between the Kaplan SST analysis (Kaplan et al. 1998 ) and the Hadley Center HadISST (Rayner et al. 2003) . More details on the merging of these two products are given in Seager et al. (2005) . The three sets of CCM3 ensemble use SSTs prescribed in three different parts of the global ocean, following the concepts first introduced in Lau and Nath (1994) . The first ensemble was forced with SSTs prescribed globally and is referred to as the Global Ocean Global Atmosphere (GOGA) ensemble. The second ensemble was forced with time-varying SSTs prescribed only in the tropical Atlantic domain (30°S-30°N) while a repeated, climatological annual SST cycle was prescribed everywhere else; this ensemble is referred to as the Tropical Atlantic Global Atmosphere (TAGA) ensemble. The third and new ensemble was forced with time-varying SSTs in the tropical (30°S-30°N) Indian and Pacific Oceans, between Africa and South America, with climatological SST prescribed everywhere else; this ensemble is referred to as Indian Ocean Pacific Ocean Global Atmosphere (IOPOG-A) ensemble.
To further understand our results, a set of idealized simulations, with fixed patterns of SST anomalies, different from one another, were also used with the same CCM3 model. Here the prescribed fixed SST anomalies corresponded to the leading patterns of SST variability in the Atlantic during 1901-2004 as derived in a rotated EOF analysis by Schubert et al. (2009) , where these simulations are further discussed. Specifically, the prescribed SST fields in these integrations corresponded to a climatological ocean to which an anomaly pattern corresponding to the warm or cold phase of the AMV was added. These integrations extended through 50 repeated annual cycles.
The PI was calculated using the formulation developed by Emanuel in a series of papers (Emanuel 1988 (Emanuel , 1995 Emanuel 1998, 2002a, b) applied to the CCM3 model output. A brief description of the method for PI calculation can be found in the appendix of Camargo et al. (2007) . We first calculate the PI for each of the ensemble members and then average to obtain the PI for the ensemble mean of each case. We also calculated the PI using the atmospheric data from the NCEP/NCAR Reanalysis (Kalnay et al. 1996; Kistler et al. 2001) , ERA-40 Reanalysis (Uppala et al. 2005 ) and ERA-Interim Reanalysis (ERA-Interim 2011), but with the same SSTs and horizontal resolution as in the GOGA simulations. The reason for using the GOGA run SST dataset and horizontal resolution of the NCEP/NCAR Reanalysis was to exclude a possible source of differences among the PI fields calculated from the various reanalysis datasets. It is important to note that these reanalysis datasets cover different time intervals, the NCEP/NCAR from 1948 to 2010, the ERA40 from The indices for the AMV and externally forced anthropogenic change used in the present analysis were obtained as in Ting et al. (2009) . The methodology for deriving these indices is based on the linear method of the so-called Signal-to-Noise Maximizing EOF analysis, where IPCC fourth Assessment models are used to determine the forced signal and the AMV time series is calculated as a residual (see Ting et al. 2009 ). These indices are extended here for the period 1900-2006.
Results

Potential intensity in the model and reanalysis
We first compare the PI calculated from CCM3 model GOGA simulation and that from the 3 reanalysis products for the common period of 1989-2001. Figure 2 shows the annual maximum climatological patterns of PI for the GOGA ensemble mean and the 3 reanalyses, i.e. the maximum value of the climatological PI in each grid point. The general patterns of the PI, with maxima over the Indian Ocean and western tropical Pacific, are very similar for CCM3 and all three reanalysis. While the PI values of the GOGA ensemble mean simulation are somewhat higher than both the NCEP and ERA-40 reanalysis, they are similar to the ERA-Interim reanalysis. Furthermore, while in all three reanalysis there is a minimum of PI at the eastern equatorial Pacific, this minimum is much less pronounced for GOGA.
Because we are mainly interested in the North Atlantic, we compare in Fig. 3 Table 1 . The GOGA ensemble mean exhibits a significant (at the 5 % level) correlation with all three reanalyses during the respective (and differing) overlap years. The highest correlation (0.92) is between GOGA and ERA-Interim and ERA40, for the years 1989-2006 and 1989-2001, respectively. 3.2 Comparison of GOGA, TAGA and IOPOGA simulations
By comparing the PI calculated from the GOGA, TAGA and IOPOGA experiments, we can readily separate the contribution to PI due to atmospheric response to tropical Atlantic SST and that due to atmospheric response to the SST in the tropical Indian and Pacific region, i.e. the remote SST contribution. Figure 5a , c, e show the PI climatology in the tropical Atlantic during the peak hurricane season August-October (ASO), for the GOGA, TAGA and IOPOGA ensembles, respectively. The differences between the GOGA and TAGA runs (GOGA-TAGA), GOGA and IOPOGA, TAGA and IOPOGA during ASO are shown in Fig. 5b, d , e, respectively. In general, the climatological PI values are smaller in the GOGA than in the TAGA simulation (Fig. 5b) Influence of local and remote SST 1519 noisier, with positive and negative values spread across the Atlantic, so that when integrated for the whole basin, the difference in the GOGA and IOPOGA climatologies is small. The influence of remote SST variability is also evident in Fig. 6a , which shows the anomalous (with respect to the 1856-2006 climatology) ASO PI for the GOGA, TAGA and IOPOGA simulations averaged in the tropical North Atlantic (0-30°N). The figure clearly shows that both GOGA and TAGA exhibit a positive trend as well as multidecadal variability during this period, with the TAGA PI trend and amplitude of variability larger than that in GOGA. In contrast, the IOPOGA simulation has a negative trend and little multidecadal variability. The different temporal variation between GOGA, TAGA and the IOP-OGA is consistent with the relative SST of the tropical North Atlantic with respect to the tropical-wide mean SST, as shown in Fig. 6b . The close relation between the PI and relative SST confirms the results of Vecchi and Soden (2007) , which considered relative SST as a very good proxy for PI. When the local SST warms (cools) more than the tropical mean, i.e., the relative SST increases (decreases), and PI increases (decreases).
Previous studies (Sobel et al. 2002; Tang and Neelin 1994) pointed out that the remote SST could influence the Atlantic PI through responses of the free-tropospheric temperature to remote SST changes. A warming of SST in remote tropical locations relative to the local SST leads to a larger warming of the upper tropospheric temperature relative to the local effect alone and consequently to the stabilization of the local atmosphere. The latter leads to a decrease in the local PI. Figure 7 shows the correlations of anomalous PI and 300 hPa Fig. 6b ) using IOP-OGA. Note that in the IOPOGA ensemble, the anomaly in relative SST is simply the negative of anomalous SST averaged in the IOPOGA prescribed region. Over most of the tropical Atlantic, the 300 hPa temperature (Fig. 7b) is largely negatively correlated with the relative SST, consistent with the observed, gradual rise of SST in the IOPOGA region warming the upper tropospheric temperature in the tropical Atlantic. Consistently, the tropical Atlantic PI exhibits the opposite phase correlation (Fig. 7a) indicative of a PI decrease over most of the tropical Atlantic. The only exception is the Gulf of Mexico and the Caribbean region, where remote SST warming induced a cooling of the upper tropospheric temperatures and enhancement of PI. The calculation in Fig. 7 explains the difference between TAGA and IOPOGA PI shown in Fig. 5f . In addition to the upward trend seen in both GOGA and TAGA Tropical North Atlantic PIs, the time series (Fig. 6 ) also exhibit a multi-decadal oscillation. This is particularly clear in the early part of the record, where higher PI values are seen between 1870 and 1895 compared to lower values in between 1990 and 1920. The same behavior is obtained if the averaging is conducted over the MDR region only (not shown). In the next subsection, we separate between the century-long upward PI trends and the multidecadal variability in the model simulation, relating the latter to the AMV, and examine the influence of local versus remote SST in both cases.
AMV and Climate Change Influences on Atlantic PI
In order to distinguish between the pattern of PI change that is arguably attributable to the monotonous increase of external radiative forcing (hereafter CC for ''climate change'') and the pattern that is due to the internal climate variability associated with AMV, we first derived Atlantic SST CC and AMV indices as in Ting et al. (2009) for the years 1900-2006 and for the JJASON seasonal mean (Fig. 8a) . The CC index displays a monotonic although not linear increase in time, whereas the AMV displays visible multi-decadal fluctuations. The linear regressions of global SST at each grid point with the AMV and CC indices are shown in Fig. 8b , c, respectively. The global patterns are similar to those shown in Ting et al. (2009) , the warming signals associated with climate change present in most of the global oceans (Fig. 8b) , while the AMV influence is concentrated in the North Atlantic, with weak warming in NH and cooling in SH of the other ocean basins associated with the warm AMV phase (Fig. 8b) . We now regress the seasonal PI anomalies at each spatial grid point onto the CC and AMV indices to obtain the PI associated with these variations. Note that the regression is performed on seasonal PI values and that we do not show the regression of individual environmental variables that are part of the PI calculation. The spatial pattern of the regression coefficients (in m/s per°C) for GOGA, TAGA and IOPOGA are shown in Fig. 9 .
In both GOGA and TAGA (Fig. 9a, c) , the variation in tropical Atlantic PI associated with the positive phase of AMV, displays a consistent relationship to the corresponding SST anomaly pattern (Fig. 8b) with maximum PI The maximum change in the PI patterns of GOGA and TAGA associated with the CC index (Fig. 9b, d) is located in the eastern tropical South Atlantic, consistent with the local SST anomaly maximum in the CC pattern of Fig. 8c . Large positive PI values extend northward into the Tropical North Atlantic (TNA). There is a notable difference between the TAGA and GOGA regression pattern on the CC index, with TAGA showing a much stronger positive anomaly for the TNA region than that for in GOGA. The difference between GOGA and TAGA, as shown in Fig. 9h , is largely explained by the PI regression to CC in IOPOGA (Fig. 9f) . This implies that the remote SST anomalies (tropical Indian and Pacific Oceans) suppress tropical Atlantic PI anomalies associated with global warming, consistent with Vecchi et al. (2008) .
While the AMV-related PI differences between GOGA and TAGA (Fig. 9g) are much smaller than the corresponding one for CC-related PI differences (Fig. 9h) , it also shows a suppression of PI anomalies by remote SST. This difference in Fig. 9g is largely, but not entirely, consistent with the AMV-related PI in IOPOGA, possibly due to the weak tropical Pacific SST in Fig. 8b . However, the suppression of AMV-related, tropical Atlantic PI is larger in (Fig. 9e) is larger than expected from IOPOGA (Fig. 9g) , particularly over the northeastern part of the TNA. We will address this difference and its probable cause later (see Sect. 3.4 below). The difference in PI anomalies associated with AMV between GOGA (Fig. 9a) and TAGA (Fig. 9c) , however, is much smaller than the corresponding PI anomalies associated with climate change.
The regressed time-series of the TNA and MDR averaged PI onto the North Atlantic SST indices (Fig. 10a) , which includes both the climate change and AMV 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 components, exhibit both an upward trend and multi-decadal variations, with a larger amplitude in the case of TAGA than in GOGA. In contrast, IOPOGA has a clear downward trend in the same period. When we consider separately the impact of AMV and climate change on MDR PI (Fig. 10b, c) , it is clear that both contributed to the lower values of PI in the early twentieth century and the increase in the late twentieth century and early twenty-first century for GOGA and TAGA. As expected, the AMV caused below normal PI values between 1970 and the early 1990s (as argued also in Goldenberg et al. 2001) . The sum of TAGA and IOPOGA time-series (shown in black dashed line) is very close to the time-series of GOGA in all 3 panels, which confirming that the influence of the remote tropical SST in the North Atlantic PI. It is very clear in these figures that the presence of the non-local SST in GOGA (i.e. the forcing in IOPOGA) leads to weaker PI anomalies in GOGA than in TAGA, in all cases, particularly in the case of external, climate change forcing.
The results in Figs. 9 and 10 illustrate the relative importance of internal variability versus externally forced climate change in the PI of Atlantic hurricanes. Based on the results of TAGA with only the tropical Atlantic SST effects (Fig. 9c, d) , and red lines in Fig. 10 ), the variation due to externally forced and natural PI variability is comparable (ranging between *2 and 2.5 m/s). When the remote SST effects are taken into consideration in the case of GOGA (Fig. 9a, b , and blue lines in Fig. 10) , the relative Fig. 1 ) reflects a combination of a gradual increase in PI due to forced tropical SST warming, as well as the more dramatic, late twentieth century warming due to the AMV.
Effects of the extra-tropical North Atlantic
As indicated above, the difference between GOGA and TAGA on the AMV response (Fig. 9e) indicates that remote ocean influences mildly suppress the local SST influence on PI even in the case of natural variability. Part of this impact is due to the slight warming in SST associate with AMV as this phenomenon is depicted in the observations as indicated by the difference IOPOGA and TAGA (Fig. 9g ) but note that this remote association, while apparently statistically significant should be treated with some caution but that is nonetheless present in the prescribed SST fields used in this study). However, the difference GOGA-TAGA displays a large suppression of PI than the difference IOPOGA-TAGA. We suspect that this difference is due to the concomitant AMV SST change in the extratropical North Atlantic. To test this assertion, we examine a set of ''idealized'' simulations in which fixed Atlantic SST anomalies patterns were added to the climatological state in the Atlantic basin only. As described in Sect. 2, the anomalous SST patterns are derived from a rotated EOF analysis of the global SST in the twentieth century (as described in Schubert et al. 2009 ). One of the leading EOFs has pattern similar to the SST anomaly associated with AMV, and is the one considered here. The model was forced with this AMV pattern added to and subtracted from the monthly varying global SST climatology, hereafter referred to as warm AMV and cold AMV, respectively. We performed two sets of these experiments, one where the pattern was prescribed in its entirety, that is over the entire North Atlantic and the other with only the tropical portion of the pattern (between the equator and 30°N) prescribed while the extratropical part is set to zero. Figure 11 shows the difference in PI between the warm and cold AMV simulations with SST anomalies prescribed in the entire North Atlantic (a) and in the tropical Atlantic only (b). The difference between the two fields is shown in Fig. 11c . These results show that the extra-tropical North Atlantic portion of the AMV introduces a mild negative influence on the tropical Atlantic PI field. This is consistent with the stronger PI suppression GOGA-TAGA (Fig. 9g ) than in IOPOGA-TAGA (Fig. 9e) discussed earlier.
Assuming then that the influences are of different ocean basins are close to linear, we conclude on the basis of these fixed SST anomaly experiments that the extratropical warming (or cooling) associated with the AMV mildly counteracts the response of tropical Atlantic PI to local SST anomalies. Similar to the changes in remote tropical SSTs, the warming in the North Atlantic, which is part of the AMV SST footprint, slightly warms the tropical Atlantic upper troposphere (not shown) and thus increases the atmospheric stability of the tropics, reducing the PI in the warm AMV phase (and increases in the cold phase) relative to the impact of tropical SSTs alone.
Summary
In this paper we explore the relative importance of externally forced (mainly anthropogenic) and internal (AMV) SST variability on the tropical Atlantic tropical cyclone potential intensity, with a focus on the relative contributions of local and remote SSTs. This is achieved by using NCAR CCM3 model simulations with prescribed historical SST in the entire global ocean (GOGA), in the tropical Atlantic only (TAGA) and in the tropical Indian and Pacific Oceans only (IOPOGA). We find that the relative contribution of the forced and internal SST variability on tropical Atlantic PI depends on whether local or global SST anomalies are considered. When non-local SST effects are taken into account, the relative role of global climate change in tropical Atlantic PI, during the twentieth Century, is lower compared to that induced by the warming of tropical Atlantic SST alone, because of the damping of the PI, resulting from the warming in the other (tropical) ocean basins. This is consistent with the idea of relative SST (local minus tropical mean) contribution to PI as discussed in Vecchi and Soden (2007) in reference to the change in hurricane potential intensity for the twenty-first century. We show here that when only the SST in the Indian and tropical Pacific Oceans is varying, with the Atlantic SSTs fixed at climatological values, the PI in the tropical Atlantic has a downward trend. The sum of the PI anomalies in the other tropical Oceans and in the Atlantic oceans is very close to the values obtained when the model is forced with global SST, pointing towards an almost linear additive behavior.
In the case of AMV, the dominant SST anomalies are located in the tropical and extra-tropical North Atlantic with a minor contribution from other ocean basins. The PI variations associated with the AMV are thus largely determined by the local SST change. The dominance of local SST in the AMV case leads us to conclude that the late twentieth Century increase in North Atlantic PI (e.g. Kossin and Camargo 2009) , while closely related to the tropical Atlantic SST increase (Fig. 1) , includes a considerable impact of internal variability and cannot be attributed purely to anthropogenic warming. The up swing of the multi-decadal internal SST variability associated with AMV is the most important cause (as hinted also by results of DelSole et al. 2011) . Whether and how PI may change in the late 21st century, when anthropogenic influence increases in amplitude while the AMV can presumably continue to slowly swing between negative and positive phases with the same amplitude as during the twentieth Century (see Ting et al. 2011) will be examined in a subsequent study using the CMIP3 and CMIP5 simulations.
Recent papers by Emanuel (2010 Emanuel ( , 2012 analyzed the relative influence of tropical tropopause layer cooling in the Atlantic on potential intensity trends in models and observations and emphasized that the climate models shortcomings in simulating this cooling could be significant. However, Vecchi (2012) did not show the same level of sensitivity to this cooling in the high-resolution climate model analyzed. Regardless, we should note that the relative importance of the tropopause cooling over the Atlantic was not considered explicitly in our analysis.
